In two enclosure experiments, Daphnia pulex ingested cryptophytes, bacteria, and probably detritus particles. The specific clearance rate of the zooplankton increased when the concentration of food decreased. The P : C ratio of the food also increased. More than 92% of the particulate phosphorus was located in the living cells (algae and bacteria); the detritus was practically phosphorus-free. The specific release rate of phosphorus estimated for the daphnids by use of the recycling model increased as the P : C ratio of the food increased and became zero at a critical low P : C ratio, Q. of 6-8 pg P mg-' C. At this concentration, all the ingested phosphorus is needed for growth and reproduction, and no release of the element can be expected. This indicates that Daphnia may experience P limitation in nature, since the P : C ratio of P-starved algae and detritus may be considerably ~6-8 pg P mg-l C.
The problem of estimating the release or excretion of phosphorus from zooplankton has attracted considerable attention during the last decade. Several methods have been suggested (cf. Olsen and Ostgaard 1985) , but quantification is difficult, especially for natural populations which include phosphorus-limited algae. In such cases, the released phosphorus is rapidly taken up by algae or bacteria (Gotham and Rhee 198 1; Taylor and Lean 198 1; Chen 1974) , and no increase in the ambient concentration of the element is observed (Lehman. 1980) . Olsen and Ostgaard (1985) proposed a recycling model for the estimation of phosphorus release from zooplankton and adapted equations which permit estimation of release rates from incubation experiments. Application of the method to natural populations introduces problems regarding distribution of phosphorus in seston particles and selective grazing. These factors must be carefully examined to ensure correct estimates of the variables of the model.
We here apply the recycling model to a natural plankton community. The input data were taken from two enclosure experiments. Because the algal biomass declined during the experiments, we could test the model over a wide range of food concentrations. A characterization of the food, its contents, and internal distribution of phosphorus is presented, as well as the feeding kinetics of the animals and their phosphorus release.
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Materials and methods
Experimental -The enclosure experiments were done in a small, eutrophic lake, Nesjovatn, in central Norway (69"8'N, 11"50'E, 12 MSL) in late July 1981. Polyethylene cylinders, 1.5 m in diameter and 4.5 m deep and closed at the bottom were filled with lake water in the evening; animals were added the following morning, and the first sampling was at noon that day (day 1). The initial conditions in the two enclosures 34 are shown in Table 1 . During the next 8 days, both enclosures were sampled on five occasions. Zooplankton for the grazing and phosphorus release experiments was collected in a zooplankton net hauled vertically from the bottom of the enclosures. Suitable subsamples (2-20 mg dry wt) were carefully rinsed and washed before being transferred to the bottles used for the incubations (Pyrex, 1.2 liter). The water in the bottles was always taken from the same enclosure as the zooplankton and was filtered twice through a 30-pm plankton net to remove animals and larger detritus particles. Four bottles were prepared for each enclosure and day; animals were added to two, and two served as controls. The bottles were kept in dim light and incubated for about 2 h (1.7-2.2 h) at 3-m depth, where no or little algal fixation of carbon took place. The time between collection of water and animals to the start of the incubation was < 1 h. Incubations were run from about 1100 to 1300 hours at a constant temperature of 16°C. The animals were then removed by filtration through a 120qm plankton net. The animals retained by the net were immediately transferred to a preweighed glass-fiber filter and dried at 60°C to constant weight (l-2 days). The length of the animals and the number of their eggs were measured for a prefixed sample taken from the zooplankton net sample. Length was converted to units of dry weight according to W(pg dry wt ind-l) = 6.9 1L(mm)3.0s (Langeland et al. 1984) .
Several samples were taken from the bottles after incubation. Samples for particulate carbon and phosphorus were collected on GF-F glass-fiber filters and ignited or washed by acid. Dissolved phosphorus in Table 2 . List of symbols.
Concentrations:
N = food concentration P = concentration of particulate phosphorus P, = concentration of dissolved phosphorus Q, = phosphorus : carbon (phosphorus : dry wt) ratio Q0 = lower limit of Q,,, subsistence quota Q, = lower limit of Q, yielding positive release rate OfP Z = zooplankton biomass Plow rates: P, = release rate 0fP Pi = ingestion rate of P P, = incorporation rate of P (growth + reproduction) R = specific release rate of P I, = specific ingestion rate of P c, = ingestion rate of food I = specific ingestion rate of food CR = specific clearance rate of food p, = specific growth rate of zooplankton E = specific excretion rate of P as given by the Peters (1975) was 33 pg C cell-'. Bacterial samples were preserved with 8% glutaraldehyde and counted after staining with acridine orange (Hobbie et al. 1977) . Bacterial volume and carbon content were measured as described by Bakken and Olsen (1983) .
Calculations-The specific ingestion rate of food by zooplankton (I) was calculated according to
The symbols are given in Table 2 ; the subscript T represents the value for experimental bottles with added animals, 0 represents control cultures without added animals or controls at time zero. The animals' specific clearance rate of food (CR) is estimated as
and their specific release rate of phosphorus (R) was calculated from the recycling model of Olsen and Ostgaard ( 198 5) Enclosure experiment -At the time of the experiment the lake had a phytoplankton community of only cryptophytes. There were three species present: R. lacustris, Cryptomonas erosa, and Cryptomonas marssonii.*The first was the most abundant (>95% of cell number and >75% of cell carbon). The shapes and the sizes of these species and of the bacteria present are shown in Fig. 1 . The concentration of food carbon in the enclosures is shown in Fig. 2 ; algal, bacterial, and detrital carbon are expressed as ratios of the total particulate carbon. The development was more or less the same in the two enclosures. Algae were the most important potential source of food carbon at the start of the experiment, detritus and bacteria toward the end. Death and sedimen- tation of algae were more important than grazing in removing carbon from the water during the first days. This explains why the two enclosures, which received different amounts of zooplankton, behaved in a similar way.
The changes of particulate and dissolved phosphorus in the enclosures are shown in Fig. 3 . Although both dissolved and particulate phosphorus decreased during the experimental period, the reduction was less than that of particulate carbon. For the last 3 days of incubation, the concentrations of particulate phosphorus in the total fraction (Fl) (cf. Fig. 3 ) and in the fraction which passed a 1 -pm-pore Nuclepore filter (F2) are given in Table 4 . Most of the particulate phosphorus (on average 8 7%, range 7 5-96%) was in small (< 1 pm) particles. The specific phosphorus contents of algae (Qpma) and bacteria (Q,-,) are also given. We assume that F2 represents bacterial phosphorus and Fl -F2 represents algal phosphorus. Microscopic examination verified that very few algal cells passed the filters, whereas the suspended bacteria did. The validity of this assumption is further discussed below.
The P: C ratios for the algae were extremely variable. This is not surprising, because the difference between the phosphorus in the Fl fraction and that in the F2 fraction is small compared to the absolute values for Fl and F2. The range, however, agreed well with results for R. Zacustris in culture (Table 5 ).
The P : C ratios for the bacteria were less variable and gave better confidence intervals. In general, these values were higher than those for the algae and in good agreement with others reported for bacteria (Fuhs et al. 1972; Chen 1974; Vadstein 1983) .
A detailed study of the distribution of phosphorus in the individual suspended, smaller particles was made by X-ray microanalysis (Heldal et al. 1985) on the unfixed samples from enclosure 1, taken on day 4. The results (Table 6 ) indicate that only 8% of the phosphorus was located in detritus particles, although all bacterial groups were rich in this element. Thus the Table 4 . Distribution of phosphorus in two fractions (IL 1 SE) (Fl: x < 30 pm and F2: x < 1 pm) on the last 3 days of incubation together with estimates of the P : C ratios of the algae (Q,J and bacteria (Q,+ phosphorus in the particulate matter was located in living algae and bacteria (cf. Tables 4 and 6). These food particles were cleared from the water at about the same rate by Daphnia pulex (Bsrsheim and Olsen 1984) . Particulate phosphorus per algal-plusbacterial carbon (QpWa,) may therefore be taken as an estimate of the phosphorus content of that specific food compartment. The development of Qp+,,, in the enclosure communities (Fig. 4) showed a significant increase (P < 0.05) as the experiment proceeded. The values for the first days equalled those for cultures of R. Zacustris (Table 5) .
Toward the end of the experiment, when the bacterial biomass exceeded that of the algae, the values rose to levels normally found for bacteria.
The development and specific clearance rates of D. pulex, which made up at least 96% of the dry weight of the zooplankton, are shown in Table 7 . The biomass was fairly constant through the experimental period in both enclosures, and most of the individuals were adults. The estimated clearance rates for algae and bacteria increased as the experiment proceeded or as the food concentration decreased (cf. Fig. 2 ). The rates were consistently in good agreement with those of Geller (1975) for D. pulex.
Our results do not permit a direct estimate of the ingestion rate of carbon, because the ingestion rate of detritus particles was not determined. On day 1 the detritus particles constituted only a minor fraction of the particulate organic matter, and no serious error is introduced if the ingestion rate of carbon (I,) is estimated as clearance rate times total particulate carbon (I = CR x TC; cf. Eq. 1 and 2) on this day. This gives an average (&SE) ingestion rate of 14.3 + 0.6 pg C (mg dry wt)-' h-l for both enclosures.
The estimated specific release rates of phosphorus (R) for the enclosure experiment are shown in Fig. 5 , together with pre- Table 5 . P : C ratios of some freshwater food algae and bacteria. Q,, a P mg-' C (range) dictions of the upper limit of phosphorus excretion rate according to Peters (1975) . In both enclosures, the release rate tended to increase toward the end of the experiment. The values were well below the predicted excretion rates at the start, but in reasonable agreement by the last day of incubation.
The relationships between the release rate of phosphorus and a number of variables expressing the feeding conditions and actiyity of the animals are given in Table 8 . No positive relationship was found between the release rate and the concentrations of the various food sources nor that of particulate phosphorus; there was a positive relationship with the clearance rate and the P : C ratio of the food. The last relationship is shown in Fig. 6 , in which the amount of phosphorus released per unit of algal and bacterial carbon ingested has been plotted 2e It al.
as a function of the phosphorus content of the algal-bacterial food compartment; we have also included data from the laboratory experiments of Olsen and Ostgaard (1985) . Linear regression data for the relationship are given in Table 9 . The relationship was significantly positive and the slope close to unity, especially when the three values shown "crossed" in Fig. 6 were excluded. The curve tended to intercept the Qpmab axis at a positive value; we call this Q,. The estimated value of Q, remained quite constant irrespective of the exclusion of the three deviating values. The probability for Q, > 0 was >90% in both cases (Table 9 ).
Discussion
For reliable results in experiments with algae and zooplankton incubated in bottles, it is important that we choose the correct conditions. Crucial factors are animal biomass, incubation time, and the concentration of food present (Johannes and Webb 1970) . The guidelines for such incubations given above were found to be acceptable for measurements of both the animals' specific clearance rate and the specific release rate of phosphorus according to the recycling model (Eq. 3). This conclusion was supported by the filtering kinetics obtained; the clearance rates of both algae and bacteria decreased as the concentration of food carbon increased, indicating that the food concentration was above the incipient limiting level for the animals. Moreover, the magnitude of the rates was well in agreement with those published for the species by Geller (1975) .
We treated algal plus bacterial biomass as one food compartment of the grazers. This was possible because both types of food particles were cleared from the water at the same rate by D. pulex during these enclosure ingly, by substituting algal + bacterial carexperiments (Borsheim and Olsen 1984) .
bon for N in Eq. 3, and total particulate Additionally, it was shown that most of the phosphorus for P, we could avoid the probparticulate phosphorus was located in this lem of estimating the ingestion rate of despecific food compartment with only a small tritus particles by the grazers. This meaproportion in the detritus particles. Accordsurement could hardly be made directly.
E-l 8 1 2 4 6 8 E-2 Fig. 5 . Estimated specific release rate of phosphorus (R) in the enclosure experiments. Solid circles indicate the excretion rate predicted according to Peters (1975, upper limit) and bars 1 SE of the estimates.
Qpaw pP mg% . Table  9 )-K Ingestion of P-free detritus is of no importance for the phosphorus mass balance of the animals or for the release rate of this element (cf. Olsen and Ostgaard 1985) .
The specific release rates of phosphorus in the enclosure experiment did show a pronounced increase as the experimental period proceeded. Compared to the excretion rates predicted by the Peters (1975) model, our release rates were in agreement at the end of the experimental period and in the preliminary experiment. Otherwise, our rates were considerably lower than the predicted values. Although the release rate, as defined here, is not directly comparable with the excretion rate since fecal compounds do not enter the latter process, a rough comparison is still possible. The low release rates at the start of the experimental period were probably an effect of phosphorus subsaturation in the food organisms; under such conditions, the P : C ratio of algae and bacteria is lower than that of P-saturated organisms (Table 5) . We do not contend that both algae and bacteria were P limited at the start of the experiment, but the P: C ratio of the complete algal-bacterial community was lower than at the end of the experiment (Fig.  5) . The influence of the P : C ratio of the food on the release rate of phosphorus is clearly seen in Fig. 6 , in which the phosphorus released per unit of ingested carbon (PrCi-') was plotted against the P : C ratio of the actual food compartment (Qpeab). This curve intercepted the Qpeab axis at a positive value (cf. Table 9 ), indicating that the release rate of phosphorus by the animals became zero when the P : C ratio of the food was below a certain critical value, Q,, here estimated as 6-8 yg P mg-' C. Above this value, the release rate was proportional to the P : C ratio of the food at a given ingestion rate of food carbon.
The above value of Q, is not expected to be valid for other groups or species of zooplankton having different growth characteristics from the daphnids (cf. Allen 1976) . A mathematical representation of Qc is given by PZ Qp-Z Qc = --y-
C showing that Q, is proportional to the growth and reproductive rate (& of the animals and to their body phosphorus concentration (Q,J, and inversely related to their specific ingestion rate of food carbon (Ic). Accordingly, for a given situation, Qc is predictable if these variables are known. Only the specific ingestion rate of carbon has been determined here [Ic = 14.3pgC(mgdrywt)-' h-l], but independent experiments in the lake provided the data necessary to compute Q, according to Eq. 4. These additional experiments included measurement of the P : dry wt ratio of the animals and an in situ life-history experiment with D. pulex (Langeland et al. 1984) . In the latter experiment, the growth and reproductive rate of individuals (40 hg dry wt, mean individual biomass of the animals in Fig. 6 ) was 0.008 h-l, and the body phosphorus concentration was 15.1 pg P mg-1 dry wt. On this basis an independent estimate of Q,, calculated from Eq. 4, was 8.4 pg P mg-' C. Although this calculation is rough, the value for Q, agreed well with those given in Table  9 , obtained by extrapolation.
These calculations indicate that D. pulex may become phosphorus limited if fed sufficient quantities of food containing ~6-8 E.cg P mg-I C. In general, P limitation in such a situation occurs if where p, is the growth and reproduction rate of the animals, QpSZ is their concentration of body phosphorus, and Ip is the specific ingestion rate of phosphorus of the animals. It is an interesting question whether natural populations of Daphnia might experience P limitation. To evaluate this, we have assembled P : C ratios of some freshwater food algae (Table 5 ). There is a wide range, with values well below the Q, value for Daphnia in the case of P-starved algae and values considerably higher for bacteria. Therefore, P limitation in daphnids is a theoretical possibility if P-starved algae or detritus particles are the major components of the diet. However, a small proportion of bacteria or P-sufficient algae in the food is enough to meet the animals' requirement for phosphorus, and we tend to believe that the probability of this group of animals encountering P limitation in nature is very low. Other factors, such as the availability of the food phosphorus and the possibility that the animals have developed other strategies of avoiding P limitation are not considered here, but may be important. The estimated values of Q, were based on the assumption that all phosphorus in the food was assimilated by the animals. If some fraction, for example the inorganic polyphosphates, was poorly assimilated, P limitation would occur at even higher P : C ratios, so that P limitation in nature may be more frequent. This is, however, still not known.
The recycling model proposes that release of phosphorus by the zooplankton is directly coupled to its ingestion and use for growth and reproduction.
Individual animals do not generate phosphorus at a rate independent of its intake. The phosphorus concentration of the food has rarely been taken into consideration as a factor affecting the release rate of phosphorus (Thingstad and Pengerud 1985) . Peters and Rigler (1973) have discussed the nature of the extreme variation in the excretion/release rates of phosphorus reported in the literature, and they concluded that methodological problems are the reason. We agree, but suggest that the phosphorus content of the food is another important factor not taken into consideration by the authors of the papers that they reviewed. The variation in the P : C ratio alone causes variations of several orders of magnitude in the release rate, since the rate may approach zero for low phosphorus concentrations in the food.
The theoretical characteristics of the recycling model make it convenient for estimating or modeling phosphorus release in open systems (i.e. not bottles). The fundamental mass balance equation, pr = Pi -P,,
stating that the flux of released phosphorus (P,) is given by the difference between what is ingested (Pi) and what is used for growth and reproduction (P,) (Taylor 1984) , is equivalent to R = IF -QcL = Ip -P,Q,-z
(symbols given in Table 2 ). Different experimental approaches may be used to estimate release rates of phosphorus by zooplankton according to the above equation. The effect of temperature, food concentration, species, and other critical factors on the release rate is incorporated in the variables of Eq. 7, which constitutes a link between the carbon and phosphorus fluxes of the animals. Equations 6 and 7 are therefore well suited for modeling carbon and phosphorus fluxes through zooplankton in pelagic ecosystems.
